Inhibition of Autotaxin (ATX) is a potential treatment strategy for several diseases, including tumors with elevated ATX-lysophosphatidic acid (LPA) signaling. Combining structure-based virtual screening together with hen egg-white Autotaxin (ewATX) activity assays enabled the discovery of novel small-molecule ATX inhibitors with a 2,4-dihydropyrano[2,3-c]pyrazole scaffold. These compounds are suggested to bind to the lipophilic pocket, leaving the active site unrestrained. Our most potent compound, (S)-6-amino-4-(3,4-dichlorophenyl)-3- It also blocked ATX-evoked but not LPA-mediated A2058 melanoma cell migration. Noteworthy, molecular modeling correctly predicted the biologically active enantiomer of 2,4-dihydropyrano[2,3-c]pyrazoles, as verified by compound crystallization and activity assays. Our study established the ewATX activity assay as a valid and affordable tool in ATX inhibitor discovery. Overall, our study offers novel insights and approaches into design of novel ATX inhibitors targeting the hydrophobic pocket instead of the active site.
Introduction
Autotaxin (ATX) (EC number: 3.1.4.39), encoded by the ENPP2 gene, is a secreted glycoprotein and the only member of the ectonucleotide pyrophosphatase/phosphodiesterase family (ENPP) that has lysophopholipase D (lysoPLD) activity (Umezu-Goto et al., 2002) . ATX hydrolyses lysophosphatidylcholine (LPC) to produce lysophosphatidic acid (LPA) and choline. LPA is a bioactive lipid, which binds and signals mainly through specific G-protein-coupled lysophosphatidic acid receptors 1 to 6 (LPA 1-6 ) (Kihara et al., 2014) . In human, ATX is ubiquitously expressed and is also present in blood . For specific spatiotemporal signaling, ATX is recruited on the cell surface by activated β 3 -integrins (Leblanc et al., 2014; Pamuklar et al., 2009) . Upon binding via its somatomedin B-like (SMB) domains to integrins (Hausmann et al., 2011) , ATX is tethered to plasma membrane, promoting thereby allocated LPA-signaling. The localized increase in LPA concentration results in specific biological response, as LPA stimulates cell migration, proliferation and survival (Moolenaar et al., 2004) , induces platelet aggregation and chemotaxis (Jalink et al., 1993) , smooth muscle contraction (Tokumura et al., 1994) , neurite remodeling (Fukushima et al., 2002) and ion channel activity (Iftinca et al., 2007) . Therefore, ATX contributes to various physiological and pathophysiological processes, such as embryonic development (Moolenaar et al., receptors expression in mouse models reveals the importance of ATX-LPA axis in cancer development . Being an extracellular enzyme, ATX represents an attractive drug target and there is potential for designing novel small-molecule inhibitors targeting this enzyme. Moreover, pharmacologic inhibition of ATX is well tolerated, at least in adult mice (Katsifa et al., 2015) .
To date, efforts to target ATX have disclosed small-molecule inhibitors (reviewed in ref. Castagna et al., 2016) , as well as an aptamer (Kato et al., 2016) . The field is still relatively young, as so far only one ATX inhibitor, GLPG1690 (Fig. 2) , has been reported to be in clinical trials (Galapagos NV, 2000) and is currently on phase II for patients with idiopathic pulmonary fibrosis. In general, most of the reported ATX inhibitors display similar chemotype, consisting of three elements: an acidic moiety, a spacer core and a lipophilic tail (Castagna et al., 2016) . The acidic headgroup binds to Zn 2 + -ions in the active site and the core spacer guides the hydrophobic tail to the lipophilic pocket.
However, a few inhibitors have been discovered which do not follow this typical pattern. These inhibitors were identified to target only the lipophilic pocket or the tunnel, excluding the active site (Fells et al., 2013; Stein et al., 2015) . With this type of inhibitors, Stein et al. demonstrated inhibitory action only towards ATX lysoPLD activity; moreover, Fells et al. demonstrated that their inhibitors reduced invasion and metastasis in vitro, truly disclosing the potential for inhibitors blocking only the pocket site. Moreover, Shah et al. published imidazo [4, pyridines series which bind to this site as well (Shah et al., 2016) . Most recently, a SAR study identified an inhibitor which binds to the tunnel site , and benzene-sulfonamide derivatives were reported to reduce melanoma metastasis in vivo (Banerjee et al., 2017) . Overall, this type of ATX inhibition, excluding the activesite binding which contains two Zn 2 + -ions, will lower the potential risk in off-target metalloprotein binding; for instance, similar tactics has been utilized in selective matrix-metalloproteinase inhibitor design (Jacobsen et al., 2010) . Herein, we disclose novel 2,4-dihydropyrano [2,3-c] pyrazoles that inhibit human ATX (hATX). Our results demonstrate and further support previous findings showing that a desired biological action can be achieved without targeting the catalytic site of the enzyme. Moreover, this study validated hen egg white ATX (ewATX) activity assay as a convenient and truly affordable method for initial discovery of ATX inhibitors. Noteworthy, molecular modeling was able to correctly predict the biologically active enantiomer of the 2,4-dihydropyrano [2,3-c] pyrazoles, as verified by compound crystallization and biological testing.
Material and Methods

Molecular Modeling
Virtual Screening
We utilized following libraries in the virtual screening: ChemBridge, druglike and leadlike screening compounds (ChemBridge Corporation, 2014) ; Enamine, low molecular weight organic compounds -diverse drug like compounds (Enamine Ltd, 2014) ; Institute for Molecular Medicine Finland (FIMM), chemical collection of drugs and drug-like compounds ready to use for screening (FIMM, 2007) ; Maybridge, a highly diverse set of hit-like and lead-like molecules (Maybridge, 2014) . The compounds were prepared with LigPrep 3.1 (LigPrep, 2014) using OPLS-2005 force field (Banks et al., 2005) . All possible ionization states were generated at pH range 5.0-9.0 using Epik (Epik, 2014; Greenwood et al., 2010; Shelley et al., 2007) , with metal binding states, including original state, and tautomers. Generation of stereoisomers were limited up to 10 and low energy ring conformation to one per ligand. For 
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European Journal of Pharmaceutical Sciences 107 (2017) 97-111 virtual screening a Mus musculus crystal structure (PDB ID: 3WAX) with 1.9 Å resolution was downloaded from Protein Data Bank. The structure was prepared using Protein Preparation Wizard (Sastry et al., 2013; Schrödinger Suite 2014 -3 Protein Preparation Wizard, 2014 ) using default settings. Missing hydrogens and sidechains were added, hydrogen bond network was optimized and the structure was minimized with OPLS-2005 force field (Banks et al., 2005) . Crystal waters No. 1245 and No. 1327 were preserved. Glide Glide, 2014; Halgren et al., 2004 ) module of Schrödinger Maestro software package (Maestro, 2015 (Maestro, , 2014 was used for docking. The Glide-grid was generated using default settings, allowing hydroxyl groups of S169 and Y306 to rotate. The grid-box was defined by a ligand from a docking pose of one of docked Ono Pharmaceuticals' compound (Ohata et al., 2012 ). The docking model was validated using the co-crystallized ligand and the known inhibitors HA155 (Albers et al., 2010) , PF8380 (Gierse et al., 2010) , and compounds by Ono Pharmaceutical Co. Ltd. (Ohata et al., 2012) . Physicochemical descriptors for the XP results were calculated by Canvas 2.1 (Canvas, 2014) and the results were filtered by AlogP < 7, > 0; hydrogen bond acceptors < 7 and hydrogen bond donors < 5. Clustering of the ligands was conducted with Pose Explorer script of Maestro (2014) , using 2D Fingerprints. The IFD (Farid et al., 2006; Induced Fit Docking, 2015; Sherman et al., 2006a Sherman et al., , 2006b ) was conducted with XP precision using default 5 Å radius of Prime refinement for the residues. QM-polarized ligand docking QM-Polarized Ligand Docking protocol, 2015) was conducted with XP precision in initial docking, the QM charges were calculated with Jaguar (Bochevarov et al., 2013) fast, and XP precision was used in the redocking.
Hydration Site Analysis
Analysis was conducted with WaterMap (Abel et al., 2008; WaterMap, 2015; Young et al., 2007) . The 3WAX structure (Kawaguchi et al., 2013) , was prepared with Protein Preparation Wizard (2015) (as above), except minimization was conducted with OPLS3 force field (Harder et al., 2016) . Waters were analyzed within 8 Å of the co-crystallized ligand, and the 2 ns simulation was conducted with OPLS3 force field.
Interaction Analysis
The interactions of published ATX crystal structures in complex with inhibitors were analyzed after default protein preparation with PrepWiz with OPLS3 force field. The graphical illustrations were created with Maestro (2016) (Fig. 6) and PyMOL (2016) (Fig. 7) .
X-ray Structure Determination of Compounds (S)-18, (R)-19, (S)-23 and (S)-25
Enantiomerically pure compounds 18, 19, 23 and 25 were crystallized at 298 K by slow evaporation of their acetonitrile/water, ethanol/ heptane, ethanol/water and methanol/dibutyl ether solutions, respectively. Suitable crystals were immersed in cryo-oil, mounted in a Nylon loop, and measured at a temperature of 150 K. The X-ray diffraction data was collected on a Bruker Kappa Apex II Duo diffractometer using CuKα radiation (λ = 1.54178 Å). The APEX2 program (APEX2, 2010) package was used for cell refinements and data reductions. The structures were solved by direct methods using the SHELXS-2014 programs (Sheldrick, 2015) with the WinGX graphical user interface (Farrugia, 2012) . A semi-empirical absorption correction (SADABS) (Sheldrick, 2008) was applied to all data. Structural refinements were carried out using SHELXL-2014 (Sheldrick, 2015 .
Some dichlorophenyl groups in 19 and 23 were disordered between two positions and were refined with occupancies of 0.65/0.35 and 0.58/0.42, respectively. A series of geometry and displacement constraints and restraints were applied to these moieties.
The crystallization solvent molecules were partially lost from the crystals of 18 (acetonitrile) and 25 (dibutyl ether) and therefore were refined with 0.5 occupancy. In addition, crystallization solvent in 19 and 23 could not be resolved unambiguously and its contribution to the calculated structure factors was taken into account by using a SQUEEZE routine of PLATON (Spek, 2013) . The missing solvent was not taken into account in the unit cell content.
The NH and NH2 hydrogen atoms were located from the difference Fourier map but constrained to ride on their parent atoms, with U iso = 1.2-1.5 U eq (parent atom). All hydrogen atoms were positioned geometrically and constrained to ride on their parent atoms, with C-H = 0.95-1.00 Å, and U iso = 1.2-1.5 U eq (parent atom).
Analysis of the absolute configurations of 18, 19, 23 and 25 using likelihood methods (Hooft et al., 2008) was performed using PLATON (Spek, 2013) . The absolute structure parameter y was calculated to yield 0.009(6) for 18, 0.036(4) for 19, 0.060(11) for 23, 0.005(8) for 25, indicating that the absolute structures (18, S; 19, R; 23, S; 25, S) very likely have been determined correctly. The Flack × parameter was refined to give the values of 0.03(2) for 18, 0.01(1) for 19, 0.01(3) for 23, 0.010(7) for 25, that also corresponds to a correct absolute structure determination. The crystallographic details are summarized in Suppl. Table S3 .
Biological Assays
Chemicals and Reagents
All chemicals used in the biological assays were of highest available purity. LPC (L-α-lysophosphatidylcholine from egg yolk; Sigma-Aldrich, Cat# 62962, lotBCBD9043V, MW 299.26 g/mol, Purity ≥ 99.0%) was dissolved in methanol (JTBaker #8402) as a stock solution of 167 mM LPC. Horseradish peroxidase (HRP; Sigma-Aldrich, Cat# P8125, lot#108K7351V, 5000 U) was dissolved in Millipore water (high quality water, HQW) to make 250 U/ml HRP stock. Choline Oxidase (CO; Sigma-Aldrich, Cat# C5896, MW.~95 kDa) derived from Alcaligenes sp. was purchased as lyophilized powder, dissolved in HWQ as 65 U/ml stock and aliquoted for storage at −80°C. A 10 mM Amplex Red (Sigma-Aldrich, Cat# 90101-5MG-F lot#BCBK4832V, Purity ≥ 98.0%) solution was prepared in DMSO and aliquoted for storage at − 80°C. The artificial ATX substrate pNP-TMP (thymidine 5′-monophosphate p-nitrophenyl ester sodium salt, Sigma-Aldrich, cat T4510, MW 465.28 g/mol, Purity ≥ 98% (HPLC)) was dissolved in HQW as 100 mM stock solution and aliquoted for storage at − 80°C. The reference inhibitors HA155 (B-[4-[[4-[(Z)-[3-[(4-fluorophenyl) methyl]-2,4-dioxo-5-thiazolidinylidene]methyl]phenoxy]methyl] phenyl]boronic acid), Sigma-Aldrich, Cat# SML0914, MW. 463.29, Purity ≥ 98% (HPLC)), PF8380 (4-[3-(2,3-dihydro-2-oxo-6-benzoxazolyl)-3-oxopropyl]-1-piperazinecarboxylic acid (3,5-dichlorophenyl) methyl ester, Sigma-Aldrich, Cat# SML0715, Lot# 103M4746V, MW. 478.33, Purity ≥ 98% (HPLC)), and S32826 (P-[[4-[(1-oxotetradecyl) amino]phenyl]methyl]-phosphonic acid, Cayman, Cat#13664, MW 397.5, Purity ≥ 98%) were purchased as dry powder and 10 mM stock solutions were prepared in DMSO and aliquoted for storage at − 80°C. We have tested total of 85 compounds in the entire screening assays, collected from different sources as dry matter and dissolved in DMSO as 10 mM stock solutions and aliquoted for storage at − 80°C. From the inhibitors, compounds 3-17 were purchased from different commercial providers: compounds 3-5 and 7-17 from Vitas-M Laboratory, Champaign, IL 61820, USA, compound 6 from Specs, Zoetermeer, The Netherlands. Compounds 1-2 were obtained from Institute for Molecular Medicine Finland (FIMM), Helsinki, Finland. A total of 11 compounds (compounds 18-28) were synthesized locally at the School of Pharmacy, Faculty of Health Sciences, University of Eastern Finland (see Chemistry).
Recombinant Human ENPP-2/ATX was purchased from R & D Systems (Acc#Q13822, Lot RPZ101511A, total amount 500 μg; purity > 95%; specific activity > 8000 pmoles/min/μg). The enzyme was supplied as 299 μl of a 0.2 mm filtered solution in 25 mM Tris and 150 mM NaCl, pH 7.5 at a concentration of 1.690 mg/ml. Upon arrival, the enzyme preparation was thawed and a 60 μl-aliquot was diluted by adding 256 μl of 5% (w/v) BSA plus 384 μl of HQW to give total volume of 700 μl. This was mixed, spun briefly to force all liquid to the bottom, and divided in 20 × 35.0 μl aliquots for storage at −80°C. We used one aliquot (35 μl) per experiment with 48 wells (half of a 96-well plate).
Cell Culture
Human melanoma cell line A2058 (American Type Culture Collection, ATCC) was grown in complete DMEM medium (Gibco, high glucose) supplemented with 10% (v/v) fetal bovine serum (FBS; EuroClone) and 2 mM L-glutamine. Cells were grown in 5% CO 2 containing humidified incubator at 37°C. For migration, sub-confluent A2058 cells were washed with 1× PBS and treated with 0.05% trypsin/ 0,02% EDTA in phosphate-buffer saline (PBS; EuroClone) followed by suspending into serum-free DMEM media having 0.5 × 105 cells/ml. Exactly 500 μl of cell suspension was added in each migration chamber to give 25,000 cells per insert per sample. No antibiotics were used during the cell culture period.
Hen Egg White ATX Preparation
The hen egg white was separated from an unfertilized egg, purchased from local grocery store, into a 50 ml conical tube (original volume 45 ml) and stored overnight at − 20°C. Later it was thawed, vortexed gently, and stored in aliquots for future use at − 20°C. The egg white was diluted 1:5 with saline. For assay blank, heat-inactivated EW 1:5 (HI-EW 1:5) was prepared as 1:5 dilution of original EW. A magnetic stirrer was used to mix EW with saline while heating at 56°C for 10 min. The preparation was then cooled down, aliquoted, and stored at −20°C.
Choline Release Assay
The methodology was adapted from a previous publication by Ferry et al., 2008 . Briefly, we have used black 96-well-plates suitable for fluorescence measurements. The final reaction volume was 200 μl/well. The basic principle of this assay is that ATX catalyzes the hydrolysis of lysophoshatidylcholine (LPC) to generate LPA and choline. Choline oxidase-catalyzed oxidation of choline generates H 2 O 2 which in the presence of peroxidase converts Amplex Red into the fluorescent product Resorufin. Resorufin fluorescence was kinetically monitored at 30 min intervals for 90 min (λ ex 530; λ em 590 nm). For inhibitor screening, 1 μl of DMSO/inhibitors with 100-fold desired final concentration was added first into the bottom of the appropriate well, followed by 99 μl of enzyme, blank (HI-EW) or choline quality control (CQC) ± inhibitor preparation in Co-CAB buffer. The Co-CAB buffer contained 50 mM Tris-HCl, pH 7.4, 5 mM CaCl 2 , 1 mM CoCl 2 and 0.1% (w/v) BSA as the final concentration per reaction. Following 30 min pre-incubation of the enzyme with inhibitors, 100 μl of choline assay mix (CAM; containing 50 mM Tris-HCl pH 7.4, 5 mM CaCl 2 , 1.0 mM CoCl 2 , 0.1% (w/v) BSA, 200 μM LPC, 1.0 U/ml horseradish peroxidase, 0.52 U/ml choline oxidase, and 40 μM Amplex Red as the final concentration per reaction) was added using a multichannel pipette; the plate was vortexed and the fluorescence was kinetically monitored at 30 min intervals for 90 min at 37°C. Extensive validation of the ewATX preparation was performed and the results of the validation studies are presented in S8-S12 in Suppl. information.
pNP-TMP Hydrolysis Assay
This assay was adapted and modified from previously published protocols (Kakugawa et al., 2015; Muccioli et al., 2008) and is based on the following principle: ATX-dependent hydrolysis of the chromogenic substrate pNP-TMP liberates pNP whose absorbance was colorimetrically monitored at 405 nm. In brief, the enzymatic hydrolysis was performed in a 96-well clear microplate (Greiner bio-one) where 1 μl of DMSO/inhibitor (100-fold desired final concentration) was incubated at room temperature for 30 min with 99 μl of enzyme or blank or pNP standard (49.5 nmol/well) prepared in Co-CAB buffer (50 mM Tris-HClpH 7.4, 5 mM CaCl 2 , 1 mM CoCl 2 and 0.1% (w/v) BSA). The 100 μl of substrate mixture (500 μM final concentration) was added per well, then the pNP absorbance (λ 405 nm) was kinetically measured at 30 min intervals for 90 min at 37°C using Tecan plate reader. The amount of pNP release per reaction was calculated based on the pNP standard.
Cell Migration Assays
Migration assay was carried out by using 8-μm pore size polyethylene terephthalate (PET) membranes (Corning BioCoat Control Inserts for 24-well plates, Cat#354578) on human melanoma cell line (A2058), as it shows LPA dependent cell migration (Nam et al., 2000) . The inserts were washed and filled with 500 μl of cell suspension (total 25,000 cells per inserts) in serum free medium. The inserts with cells were placed into the 24-well plate containing 750 μl of DMEM with 10% FBS as chemo-attractant along with ATX ± inhibitors, and/or controls. The inserts were then incubated for 4 h at 37°C in a humidified incubator containing 5% CO 2 , after which non-migrating cells were removed from the apical side of the membrane by swabbing/ scraping with cotton swabs. Thereafter the membrane inserts with migrated cells were fixed in 100% methanol for 3 min, stained with Diff-Quick staining kit (Medion Diagnostics AG, Switzerland) according to manufacturer's instructions, and mounted onto glass slides for quantitative analysis (counting) by microscope. The cells were counted and averaged of eight different 10× magnified fields per samples. The experiments were repeated three times and data were analyzed statistically by using 1-way-ANOVA followed by Tukeys multiple comparisons with Graphpad Prism-5.
Chemistry
Reagents and solvents were purchased from commercial suppliers and were used without further purification. Most of the reactions were monitored by thin-layer chromatography (TLC) with suitable UV visualization. Purification was carried out by flash chromatography (FC) or by CombiFlash Companion (Teledyne Isco, USA).
1 H NMR and 13 C NMR were recorded on a Bruker Avance AV 500 (Bruker Biospin, Switzerland) spectrometer and processed from the recorded FID files with TOPSPIN 2.1 software or ACD/NMR Processor Academic Edition. The 1 H NMR spectra were referenced to the residual proton impurities at δ H 2.50 ppm and 7.26 ppm in DMSO-d 6 and CDCl 3 , respectively. The 13 C NMR spectra were referenced at δ C 39.52 and 77.00 ppm to DMSO-d 6 and CDCl 3 , respectively. ESI-MS spectra were acquired using an LCQ quadrupole ion trap mass spectrometer equipped with an electrospray ionization source (Thermo LTQ, San Jose, CA, USA). Elemental analyses were performed on a Thermo Quest CE Instruments EA1110-CHNS-O elemental analyzer or on a Perkin-Elmer PE 2400 Series II CHNS-O Analyzer. The purity of the compounds was determined either by elemental analysis or by HPLC and all compounds exhibited ≥ 95% purity, except for compound 28 which purity was 90% determined by qNMR analysis. The enantiomers of racemic compounds were separated by preparative HPLC (see Suppl. information S24).
General Procedure for Preparation of 6-
A mixture of the 3,4-dichlorobenzaldehyde (1.0 equ.), malononitrile (1.0 equ.) and N-methylmorpholine (1.0 equ.) in ethanol is stirred for 1 min, followed by the addition of the appropriate 1H-pyrazol-5(4H)-one (see Suppl. information). The precipitate formed was filtered out and washed with ethanol and n-hexane, and recrystallized from ethanol or purified by column chromatography.
Prepared according to general procedure. The precipitate formed was filtered out, washed n-hexane, and dried in vacuum. The racemic compound 18 was obtained as a white solid (149 mg, 60%). 158.4, 155.8, 145.6, 138.0, 136.8, 130.71, 130.72, 129.8, 129.6, 129.3, 129.2, 128.4 (2C) 
The racemic compound 18 was separated using a chiral chromatography (Phenomenex column, acetonitrile/isopropyl alcohol (9:1) as the eluent). 
( ± )-
6-Amino-3-[4-(benzyloxy)phenyl]-4-(3,4-dichlorophenyl)- 2,4-dihydropyrano[2,3-c
(−)-(S)-
The racemic compound 19 was separated using a chiral chromatography (Phenomenex column, acetonitrile/isopropyl alcohol (9:1) as the eluent). The retention time for enantiomer A (compound (R)-19 on Table 3) 
(−)-(R)-
The racemic compound 20 was separated using a chiral chromatography (Phenomenex column, acetonitrile/isopropyl alcohol (9:1) 
The racemic compound 21 was separated using a chiral chromatography (Phenomenex column, acetonitrile/isopropyl alcohol (9:1) as the eluent). 3, 156.7, 156.3, 155.7, 145.3, 137.5, 130.8, 130.6, 130.4, 130.1, 130.0 (2C), 129.21, 129.19, 127.6, 123.6, 121.7, 120.2 (CN), 118.7 (2C), 118.5, 116.7, 96.7, 57.0, 35.6 160.3, 158.2, 155.6, 145.6, 138.1, 135.8, 132.4, 130.7, 130.6, 129.5 (2C), 129.3, 129.1, 128.4 (2C) The racemic compound 24 was separated using a chiral chromatography (Phenomenex column, acetonitrile/isopropyl alcohol (9:1) as the eluent). The retention time for enantiomer A was 6 min assigned as The racemic compound 25 was separated using a chiral chromatography (Phenomenex column, acetonitrile/isopropyl alcohol (9:1) as the eluent). The retention time for enantiomer A was 6 min assigned as 
Enantiomers A and B of 6-Amino-4-(3,4-dichlorophenyl)-3-[4-(3-methyl-5-phenyl-1H-pyrazol-1-yl)phenyl]-2,4-dihydropyrano[2,3-c] pyrazole-5-carbonitrile (27)
The racemic compound 27 was separated using a chiral chromatography (Phenomenex column, acetonitrile/isopropyl alcohol (9:1) as the eluent). The retention time for enantiomer A was 8 min and the retention time for enantiomer B was 32 min. The specific rotations could not be determined due to low solubility.
( ± )-6-Amino-3-(4-[4-(4-chlorophenyl)-1H-pyrazol-1-yl]phenyl)-4-(3,4-dichlorophenyl)-2,4-dihydropyrano[2,3-c]pyrazole-5-carbonitrile (28)
Prepared according to general procedure and purified by flash column chromatography (SiO 2 , gradient elution with 25-100% ethyl acetate in petroleum ether. Slightly yellow solid (24 mg, 13% 
Results and Discussion
In Silico Screening of Novel ATX Inhibitors
In order to identify novel ATX inhibitors, we conducted a virtual screening of 2.7 million compounds using Glide Glide, 2014; Halgren et al., 2004) of Schrödinger Maestro software package (Maestro, 2015 (Maestro, , 2014 (Fig. 3) . As at the time no human ATX (hATX) structures were available, we used a reasonable quality Mus musculus crystal structure 3WAX (Kawaguchi et al., 2013) for virtual screening. The mouse Autotaxin (mATX) structure is highly similar with hATX with fully conserved amino acid composition in the substrate binding site (Suppl. Fig. S1-2 ). Utilizing the mATX structure, we generated and validated our docking model based on the co-crystallized ligand and the known inhibitors HA155 (Albers et al., 2010) , PF8380 (Gierse et al., 2010) (Fig. 2) , and patented compounds from Ono Pharmaceutical Co. Ltd. (Ohata et al., 2012 ). To construct a screening database, we prepared the ligands of four different libraries using LigPrep (2014) , to obtain all plausible tautomers, protomers and chiralities. Next, the prepared 11,817,620 structures were docked using high-throughput virtual screening (HTVS) precision of Glide. Furthermore, 2,095,000 molecules were docked using computationally more demanding standard precision (SP). Finally, the best 1000 molecules from each of the four libraries were docked with extra precision (XP). These XP-results were filtered by Canvas (2014) in order to remove compounds with clearly non-drug-like properties (see Fig. 3 ). After filtering, the best 250 docking poses from each library were visually evaluated, and from these, 89 reasonable poses remained. Subsequently, the 89 compounds were clustered using 2D fingerprints, and 67 representative compounds were selected from the clusters. The 67 compounds were further docked by Induced Fit Docking (IFD) (Farid et al., 2006; Induced Fit Docking, 2015; Sherman et al., 2006a Sherman et al., , 2006b , which treats the nearby residues within 5 Å of the binding ligand as flexible, using XP precision. Based on the IFD results, 26 compounds were selected to be tested for ATX inhibition in biological assays.
Hen Egg-white ATX Inhibition Screening Assay for the Selected Compounds
In 2001, Nakane et al. (2001) reported that hen egg white contains both LPC and an enzyme that catalyzes LPC hydrolysis to a corresponding polyunsaturated fatty acid-rich LPA. Later, the same group confirmed that ATX activity is responsible for LPA production in hen egg-white (Morishige et al., 2007) . We were interested to broaden the utility of ewATX preparation and noticed that the amino acid sequences of human and hen ENPP2 display 83% identity, and from the pocket residues, only L260 is substituted with I260 in hen (Suppl. Fig. S3) . Thus, the ewATX possesses a highly similar pocket with hATX and could therefore be utilized as an initial screening assay in the discovery of ATX inhibitor. We wished to further validate this preparation and by doing so established optimal conditions for ATX activity assays (detailed in Suppl. information S8-S12). Briefly, optimal LPC hydrolytic activity was observed at 37°C for 1:5 ewATX preparation diluted in saline, and in a buffer system consisting of 50 mM Tris-HCl, pH 7.4, 5 mM CaCl 2 , 1 mM CoCl 2 , 0.1% (w/v) BSA and no detergent. We determined the K m value of 191 ± 31 μM towards egg yolk LPC. We validated the preparation further by showing that the end-product LPA (Suppl. Fig. S7 ) or the artificial substrate pNP-TMP (p-nitrophenyl thymidine 5′-monophosphate) (Suppl. Fig. S8 ) did not inhibit ewATXcatalyzed LPC hydrolysis. In contrast, LPC totally prevented ewATXmediated hydrolysis of pNP-TMP (Suppl. Fig. S9 ). Collectively these experiments verified that ewATX activity assays are a reliable tool for initial discovery of ATX inhibitors.
We used 100 μM LPC in all inhibitor screening assays and first tested the behavior of HA155, PF8380 and S32826 as reference inhibitors (Fig. 2) . HA155 and PF8380 displayed 100% and 84.4% of ewATX inhibition at 10 μM concentration, respectively. Interestingly, S32826 displayed only partial inhibition (35.4%) in ewATX assay when tested at 10 μM concentration. As our docking results identified 26 potential compounds, we obtained these compounds and tested them using ewATX activity assay. We noticed that two of the compounds displaying ATX inhibitory activity shared a similar 2,4-dihydropyrano[2,3-c]pyrazole scaffold (Fig. 4) . Compound 1 exhibited~55% inhibition of ewATX, whereas compound 2 displayed~20% inhibition when tested at 10 μM concentration. Utilizing Canvas (2014), we confirmed that the two compounds did not belong to pan-assay interfering compounds PAINS (Baell and Holloway, 2010) , which was indeed later confirmed with the best derivatives in the series (data not shown).
Optimization of the 2,4-Dihydropyrano[2,3-c]pyrazole Scaffold
As the first set of active compounds displayed a potential scaffold for ATX inhibition, we pursued a search for commercially available compounds with the identical 2,4-dihydropyrano[2,3-c]pyrazole Fig. 3 . Virtual screening protocol. Four different libraries were prepared with LigPrep, and resulting molecules were docked with Glide with HTVS precision. Top scoring molecules were further docked with SP precision, and top scoring 1000 molecules from SP results were further docked with XP. These XP results were filtered with Canvas using ALogP value, number of hydrogen bond acceptors (HBA) and hydrogen bond donors (HBD) as criteria. After filtering the results, best 250 molecules from each library were visually evaluated. Visual evaluation resulted in 89 molecules, which were clustered using 2D fingerprints. The representative molecules (67) from the clusters, were docked using IFD. Based on IFD results, visual evaluation resulted in final 26 molecules.
scaffold. We conducted IFD (Farid et al., 2006; Induced Fit Docking, 2015; Sherman et al., 2006a Sherman et al., , 2006b ) for the available compounds and according to the IFD results, a total of 27 compounds were purchased and tested for ewATX inhibitory activity. From this series, compounds 3, 4, 5, and 6 inhibited ewATX (Table 1) . Clearly, the most potent compound from this set was compound 3, displaying 94.3% inhibition of ewATX at 10 μM concentration. We noticed that a phenyl ring directly attached in the R1 position was crucial for the activity. The tested inactive 2,4-dihydropyrano [2,3-c] pyrazoles are listed in Suppl. Table  S1 .
Next, we pursued with the compound 3 scaffold. We began by exploring the chemical space in the R2 aromatic ring by testing various substituents that were commercially available (Table 2) .
We noticed that relatively small electron withdrawing m-and psubstituents were crucial for the activity (3, 12, 14, 15), whereas bulkier electron donating substituents in the p-position diminished activity (7, 11, 13, 16) . Moreover, o-substitution diminished activity. We assume that the o-substitution (9, 10, 17) creates steric hindrance for the ring rotation, thereby forcing the ring and other substituents in the ring in suboptimal position. However, as none of the substituents improved the activity compared to the original compound 3, we decided to retain R2 as 3′4′-dichlorophenyl. In addition to these compounds, we had already tested a m-OH derivative in series 2 and found it to be inactive (Suppl . Table S1 ).
Subsequently, we decided to modify the R1 (see Table 1 ) by synthesis, as reasonable derivatives for this position were not commercially available. According to our molecular modeling studies, mainly lipophilic residues should occur near this position. Furthermore, we had noticed in series 2 that a phenyl ring directly attached to pyrazole was required for activity (Table 1 and Suppl. Table S1 ). Therefore, to scan the spatial environment in R1 in the first synthesis set, we changed the position of the benzyloxy-substituent on the phenyl ring to m-and o-positions, and synthesized the original p-derivative as well (18) (19) (20) (Table 3 ). In addition, we also synthesized shorter o-m-and pphenoxy derivatives (21-23).
With no improvement in the activity with the synthesized compounds in the first set, we continued pursuing with the spatial orientation in R1 of compound 19. As molecular modeling results indicated additional space in the p-position of R1, we synthesized phalogenated analogs (24-25). Accordingly, we observed 100% inhibition of ewATX at 10 μM concentration with these p-halogenated compounds, (S)-24 and (S)-25 (IC 50 -values of 149 nM and 87 nM, respectively). In addition, we synthesized 1-phenylpyrazole derivatives (26-28), which obtained promising docking poses, and tested the inhibitor activity of this series of compounds against ewATX preparation (Table 3) .
Chemical Synthesis of Novel 2,4-Dihydropyrano[2,3-c]pyrazoles
The corresponding β-keto esters (Scheme 1) were synthesized from carboxylic acids (1a-k) by Masamune-Claisen type condensation (Brooks et al., 1979) . Reaction of carboxylic acid (1a-k) with monomethyl magnesium malonate (2a) afforded β-keto ester (3a-k) which 
Validation of Human ATX Inhibition
Next, as our initial activity data were obtained using the ewATX preparation, we validated our hit compounds using purified recombinant hATX with LPC as the substrate. Importantly, the hATX inhibition data were found to closely match with those obtained using the ewATX preparation (Table 3) , suggesting further that the ewATX activity assay indeed represents a valid approach in the initial discovery of ATX inhibitors. Only four of the tested compounds displayed > 10% difference in the degree of inhibition between ewATX and hATX when tested at 10 μM concentration. Excluding these outliers, the active compounds displayed only minor difference in the extent of ewATX and hATX inhibition (average of 2.68%). The reference inhibitor HA155 exhibited similar level of hATX inhibition as with ewATX; its potency was similar in both preparations (IC 50 -values of 15 nM and 13 nM, respectively). The reference inhibitor PF8380 exhibited similar level of inhibition in both ewATX and hATX at 10 μM, however, its potency was clearly lower in the ewATX preparation (Table 3 ; Suppl. Fig. S13a-b) . We cannot currently explain this differential outcome.
The reference inhibitor S32826 which displayed only modest inhibition of ewATX at 10 μM, showed better inhibition with hATX (70.7%). Furthermore, we noticed that S32826 did not fully inhibit hATX or ewATX as~30% and~70% residual activity remained even at 100 μM inhibitor concentration. (Suppl. Fig. S13a-b) . However, S32826 inhibited fully the hydrolysis of the artificial substrate pNP-TMP, and with low nanomolar potency (Suppl. Fig. S13c-d) . These findings can be explained, as S32826 was originally reported as a low nanomolar ATX inhibitor using only an artificial substrate in the inhibition assay, and not LPC (Ferry et al., 2008) . This differential outcome suggests that while S32826 fully competes with pNP-TMP in the active site, it can only partially block access of the natural substrate LPC to this site.
Only S-enantiomer of 2,4-Dihydropyrano[2,3-c]pyrazoles Exhibit ATX Inhibition
Compounds with the 2,4-dihydropyrano[2,3-c]pyrazole scaffold are chiral and, interestingly, the docking made a clear distinction between the enantiomers; we observed only S-enantiomer in our best docking poses. As we did not observe any R-enantiomers of these compounds in our final results, we utilized QM-polarized ligand docking QM-Polarized Ligand Docking protocol, 2015) for both enantiomers to gain deeper insight into their differences. The docking proposed totally distinct binding modes for the enantiomers, and they differed significantly in their docking score as well. For S-and R-enantiomers, XP docking scores for compound 1 were − 16.124 and − 9.219, and for compound 2-16.454 and −10.081, respectively. Moreover, the poses with R-enantiomers were not converged. Hence, the docking studies clearly suggested that the enantiomers likely differed in their biological activity.
We set up to validate this hypothesis and separated the enantiomers for structural analysis and activity determination. The racemic 2,4-dihydropyrano[2,3-c]pyrazoles 18-25 and 27 were separated into their pure enantiomers using a chiral chromatography (see S24 in Suppl. information). To determine the absolute configuration, the separated enantiomers were subjected to single crystal X-ray analysis, which revealed the absolute configuration of the first-eluted enantiomer of 19 to be (R), second-eluted enantiomer of 18 to be (S), second-eluted enantiomer of 23 to be (S), and second-eluted enantiomer of 25 to be (S) (see Fig. 5 ; Experimental Section; and Suppl. Fig. S10 ). As the configuration is expected to remain the same for other enantiomers, we concluded by analogy that the first-eluted isomers represent the Rconfiguration, and the second-eluted isomer represents the S-configuration.
Interestingly, activity assays using the separated enantiomers indicated ATX inhibition only with the S-enantiomers, as predicted correctly by the molecular docking (Table 3 ). The S-enantiomer of compound 19 inhibited ATX with an IC 50 value of 166 nM, whereas the Renantiomer displayed practically no inhibition of hATX or ewATX when tested at 10 μM concentration. On the whole, we observed that with all active compounds with separated enantiomers, the S-enantiomer was the only active isomer. Worth noting, enantiomers of compounds 26 and 28 could not be separated due to their extremely low solubility.
From the synthesized series, compound (S)-25 displayed the highest potency of inhibition (IC 50 -values of 87 and 134 nM for ewATX and hATX, respectively) ( Table 3 and Suppl. Fig. S13a-b) . cavity's entrance (Fig. 6 ). The nitrogens from the pyrazole ring form a hydrogen bond with F274 backbone oxygen and W276 backbone NH. The oxygen of the ring forms a hydrogen bond to a bridging water molecule, which forms interaction to backbone oxygen of W276. The amino group, which orients towards solvent, is either able to interact with the solvent or it may form a hydrogen bond with E309. The cyano group is capable of interacting with R245. The phenyl in R2 has an edge-to-face π-π interaction with F211, and additionally with F275 in most of the docking poses. As the F274 and F275 sidechains are flexible (see Suppl. Fig. S11 ), we were not able to confirm which of these orientations they prefer. However, the backbone hydrogen bonding pattern remains similar with these residues, regardless of the side chain orientation. Presumably, halogens in R1 and R2 may not only aid the compound occupy the cavity firmly, but they may have an effect in optimizing the putative π-π interactions with F211, F275 and F274. Indeed, the compound activity changed based on the characteristics of p-substituent in R2; − CF3 < −Cl < −Br (Table 2) . These substituents have an effect in the π-electrons in the ligand's R2-ring, and may accordingly strengthen or weaken the π-π interaction with the protein.
Mainly lipophilic residues I168, L217, L260, W261, A305 and M513 lay on the end of the pocket (Suppl. Fig. S12 ), and cavity fitting lipophilic characteristic owing R1 exhibit biological activity. Moreover, the distal phenyl ring in R1 might establish π-π interactions, with W261 or F274.
To further support these interactions, the published ATX crystal structures with bound inhibitors display similar features in their interactions with ATX. For example, in the 5L0E (Jones et al., 2016) structure, similar hydrogen bonding pattern with F274 and W276 exist. In addition, there is a π-π stacking interaction with Y307, and F274 and F275 may form π-π interactions with the inhibitor. Interestingly, especially the hydrogen bond with W276 and π-π interaction with F275 seems to be crucial in the inhibitor binding. W276 hydrogen bond exist in 5L0K (Jones et al., 2016 ) (PF8380), 5L0B (Jones et al., 2016) , 5L0E (Jones et al., 2016) , 4ZGA (Stein et al., 2015) , 4ZG6 (Stein et al., 2015) , 3WAV (Kawaguchi et al., 2013) , 3WAW (Kawaguchi et al., 2013) , 3WAX (Kawaguchi et al., 2013) and 3WAY (Kawaguchi et al., 2013) structures, whereas π-π interaction with F275 can be observed in 5L0B (Jones et al., 2016) , 5L0E (Jones et al., 2016) , 4ZG7 (Stein et al., 2015) , 4ZG9 (Stein et al., 2015) , 4ZGA (Stein et al., 2015) , 3WAW (Kawaguchi et al., 2013) and 3WAX (Kawaguchi et al., 2013) structures.
To further support the idea that these compounds do not interact with the catalytic site, we used the artificial substrate pNP-TMP in ATX activity assay with the outcome that the most potent compounds with 2,4-dihydropyrano[2,3-c]pyrazole scaffold which were able to completely inhibit LPC hydrolysis, were unable to inhibit fully pNP-TMP hydrolysis (Suppl. Fig. S13c-d) . Compound (S)-19, (S)-24 and (S)-25 inhibited pNP-TMP hydrolysis by 10% to 20% at 100 nM, whereas HA155, PF8380 and S32826 which all bind to the active site, inhibited fully the pNP-TMP hydrolysis at the same concentration.
Collectively these results support the notion that compounds with this scaffold do not directly interact with the catalytic site but instead by binding to the lipophilic pocket, disturb proper orientation of the LPC's lipophilic tail to the pocket, thereby blocking efficient LPC hydrolysis. Moreover, the difference in the activity of enantiomers (Table 3 ) supports this binding mode. As inhibition of ATX is achieved only with S-enantiomers and the R-enantiomer is not able to achieve this type of binding. 
Hydration Site Analysis
To gain more insight into the binding pocket properties and to understand more profoundly the binding mode of 2,4-dihydropyrano[2,3-c]pyrazole derivatives' to ATX, we conducted a hydration site analysis with WaterMap (Abel et al., 2008; WaterMap, 2015; Young et al., 2007) . We used the 3WAX structure with the boronic acid inhibitor for the WaterMap simulation. Interestingly, this analysis revealed that two de-wetted regions existed in the binding site. One in the lipophilic pocket and another in the lipophilic tunnel entrance (Fig. 7) . These dewetted regions are energetically highly unfavorable for water molecules to bind (penalty of 6-8 kcal/mol), leaving a vacuum in the sites, allowing high-energy gain for inhibitors which occupy these sites. In fact, the compounds which display the highest activity of the 2,4-dihydropyrano[2,3-c]pyrazole series, are presumably occupying both of these sites. In addition, the analysis revealed that high-energy waters (ΔG > 3 kcal/mol) within 4 Å from the crystallized ligand, exist around the dichlorophenyl and thiazol rings, and interestingly, on top of the carboxyl-group, which forms a hydrogen bond to W276 (Suppl. Fig. S14 ). According to our docking results, this hydrogen bond acceptor position is also occupied by 2,4-dihydropyrano[2,3-c]pyrazoles.
Assessment of Compound (S)-25 in Melanoma Cell Motility and Its Inhibition
To verify our most potent compound's ability to affect in ATXmediated signaling in a cell-based assay, we conducted a melanoma A2058 cell migration assay (Saunders et al., 2008) . Cell migration was stimulated by inclusion of hATX and LPC or LPA to the lower chamber. The solvent, 0.1% (v/v) DMSO, had no effect on cell migration. The experimental treatment having 50 nM hATX with 50 μM LPC, or 150 nM of LPA alone stimulated A2058 melanoma cell migration by 2 to 2.5-fold as compared to the basal condition (Fig. 8) . Our most potent compound [(S)-25] and the reference inhibitor HA155 were tested at 1 μM concentration and both compounds effectively inhibited migration evoked by ATX in the presence of LPC (Fig. 8b) . Direct effects of LPA receptors or downstream signaling mediating cell migration were not evident, as (S)-25 had no effect on LPA-evoked migration. In contrast, HA155 inhibited also LPA-induced cell migration in a statistically significant manner (p ≤ 0.05) suggesting that this compound may have off-targets downstream of ATX.
Conclusions
Using mATX crystal structure in virtual screening and validated ewATX preparation in the preliminary phase of inhibitor screening, we have identified a novel ATX inhibitor (S)-25 that also inhibits hATX with an IC 50 -value of 134 nM. We further validated (S)-25 in melanoma cell migration assays, where the compound blocked ATX-mediated cell migration with no observed effect on LPA receptors or downstream signaling mediating cell migration. The 2,4-dihydropyrano[2,3-c]pyrazoles represent a totally different type of inhibitor as compared to the traditional ATX inhibitors, as they most likely bind to the lipophilic pocket instead of the catalytic site. Interestingly, the molecular modeling was able to clearly distinguish the enantiomers of 2,4-dihydropyrano[2,3-c]pyrazoles, predicting correctly the biologically active enantiomer. Worth noting, a compound with the similar 2,4-dihydropyrano[2,3-c]pyrazole scaffold has been previously disclosed, although not further exploited, in HTS of ATX inhibitors (Albers et al., 2010) .
Moreover, we have validated the ewATX screening assay as a convenient and cost-effective tool in the initial discovery of ATX inhibitors. With few notable exceptions, the ewATX assay faithfully reflected results obtained with hATX preparation. The strength of this assay lies in its affordability, as an egg white separated from a single egg provided sufficient amounts of material for the entire screening phase of the present study. However, as with any biological material, batch-to-batch variation can be expected also with ewATX preparations. Therefore, initial validation as provided for the presently used preparation (Suppl. information S8-S12) should be done for every new batch.
We noticed that the reference inhibitor S32826 was not effectively inhibiting LPC hydrolysis although it performed well in assays with the artificial substrate pNP-TMP. This can be taken as a cautionary example of using an unnatural substrate in the screening assay, generating the possibility for false positive results. In addition, the use of natural substrate enabled us to identify inhibitors which leave the active site unhindered or do not compete with the substrate or both. On the other hand, with the artificial substrate, we were able to provide additional evidence that 2,4-dihydropyrano[2,3-c]pyrazoles leave the enzyme's active site unhindered, as inhibition of pNP-TMP hydrolysis was minor with these compounds.
Our data suggested that the novel 2,4-dihydropyrano[2,3-c]pyrazoles likely inhibit ATX by binding to the lipophilic pocket instead of the enzyme's active-site. Unfortunately, as the pocket of ATX is highlylipophilic, it drives the inhibitors which target this site to have high logP values. To overcome this phenomenon, new strategies need to be considered when aiming at targeting this pocket. One potential approach could be to find all plausible hydrogen bond contacts within the pocket to decrease the logP values of the inhibitors. Especially S170, which lies deep in the pocket, could be an attractive target to establish hydrogen bond in order to obtain inhibitors with lower logP values. Another possibility would be utilizing the open solvent interface of the binding pocket. For instance, attaching a hydrophilic moiety towards the solvent phase from the inhibitor, could solve the high logP issue.
In conclusion, this study has characterized novel type of ATX inhibitors showing nanomolar potency and targeting the lipophilic pocket, expanding the pharmacological toolkit to manipulate ATX activity in settings where inhibition of ATX activity would be desirable. 
